Abstract Cellular levels of RNAs containing transposable elements increase in response to various stresses. Polymerase III (Pol III)-dependent transcripts of transposons are different from transposon-containing RNAs generated by read-through Pol II-dependent transcription. Until now, Pol III transcripts were detected by primer extension followed by time-consuming gel electrophoresis. In this paper, we describe a more sensitive PCR-based method for the selective detection of Pol III-transcribed RNAs. The method is based on the difference in sequences at the 5′ ends of the Pol II-and Pol III-dependent transcripts. We employed this method to quantify Pol III transcripts of transposon B1 in rodent cells and revealed that their levels are affected by UV irradiation. We therefore conclude that the abundance of the Pol III-transcribed fraction of cellular RNA may serve as marker of stress response and can be conveniently quantified by the method described.
Introduction
It has been previously shown that short interspersed repetitive elements (SINEs) behave as stress-inducible genes transcribed by Pol III (Li et al 1999; Kimura et al 2001) . SINE transcription could be induced in cultured cells (Liu et al 1995; Li et al 1999) and in living animals (Kimura et al 2001) by various stress treatments including heat shock, viral infection and translational inhibition.
DNA-dependent RNA polymerases II (Pol II) and III (Pol III) are different in their cellular localizations and functions (Schmid 1996; White 2004 ). All classical proteincoding genes are transcribed by Pol II, whereas ribosomal 5S RNA, tRNA, other small RNAs, and most of the repetitive elements, including SINEs, are transcribed by Pol III. The majority of nearly 30,000 Pol II-transcribed genes covering 5% of the genome are represented by unique or low-copy number genes. Transposable elements transcribed by Pol III, on the contrary, cover much larger fraction of the genome and are numbered in millions (Lander et al 2001) . Differentiated cells of the adult mammal transcribe only a small fraction of their Pol II-and Pol III-dependent genes. The rest of the genome is silenced by DNA methylation and modification of histones (Hasler et al 2007) . This silencing of Pol III transcription of SINEs is relieved in response to stress (Liu et al 1995; Li et al 1999; Kimura et al 2001; Rudin and Thompson 2001) , viral infections (Russanova et al 1995; Wick et al 2003) , tumorogenesis (Grigoryan et al 1985) , and organogenesis (Taylor and Piko 1987) .
Historically, regulation and function have been studied much better for Pol II than Pol III-transcripts. The main reasons are that Pol III transcripts do not translate to proteins, have short life spans, and are mixed with larger amounts of partially homologous read-through transcripts generated from introns of Pol II-transcribed genes (Schmid 1996) . Until now, Pol III transcripts of SINEs have been detected and quantified by the primer extension method (Carey et al 1986; Kimura et al 2001) , which utilize a reverse-transcription reaction primed by a radioactively labeled oligonucleotide located in the body of a SINE with subsequent separation of resulting cDNAs in acrylamide gels. In gels, a Pol III-generated cDNA band is separated from the Pol II-generated smear as the former is homogeneous and shorter than Pol II transcripts. Here we propose a novel method that is based on adaptor ligation followed by PCR, more sensitive and allows highthroughput real-time PCR format. Therefore, this approach should facilitate the research of transposable elements.
To test this method, we chose a model of the rodent cell response to ultraviolet stress and studied Pol III-dependent Fig. 1 Principle of specific amplification of Pol III-generated transcripts of transposon B1 by adaptor-PCR method.(1) Total RNA is extracted and then reverse-transcribed with primer CS1 specific to the transposon. cDNA was prepared from 1 μg of RNA template with 0.6 μg of oligonucleotide primer CS1 (5′-CAGGGTTTCTCTGTG TAGCC-3′) using SuperScript II enzyme (Invitrogen). Primer CS1 was annealed to the RNA at 70°C for 10 min in total volume of 12.5 μl, slow cooled to 48°C, and incubated at 48°C for 10 min. At this temperature, the reverse transcriptase and its buffer were added, the reaction mix was incubated at 48°C for 2 h. RNA strand was degraded by adding 10 μl of 1 M NaOH and heating at 70°C for 10 min. Reaction mixes were neutralized by adding 10 μl of 1 M HCl. The resulting cDNA molecules were purified using MinElute columns (Qiagen) and dissolved in 40 µl of H2O. (2) cDNA of Pol III transcript of the transposon is ligated to the adaptor comprised of Primer CS2 blocked by C7 amine at 3′ end and 5′-phosphorylated Primer CS3. The adaptor forms an overhanging sticky end GCCGGGCATG which is identical to the first bases of the Pol III transcript (Pol II transcripts are not ligated to the adaptor as their 3′ ends have different sequences). To form a B1-specific priming site, 10 μl aliquots of purified cDNA were mixed with 400 fmol of each of CS2(CTATGGCGTGCTAGTCGTCTGCCGGGCATG-3′ C7-amine) and CS3 (5′-phosphate-AGACGACTAGCACGCCATAG) oligonucleotides in 39 μl of T4 ligase reaction buffer (Invitrogen) These compositions were incubated for 1 min at 42°C, then 1 U of T4 ligase (Invitrogen) was added, and reactions were incubated for 15 min at room temperature. The ligated DNA fragments were purified from unincorporated oligonucleotides using MinElute columns (Qiagen). (3) The resulting DNA is amplified using Primer CS1 specific to the transposon and Primer CS4 specific to the adaptor (only the copies of the Pol III-transcribed transposon amplify as only they have been ligated to the adaptor). Real-time PCR quantification experiments were performed on Bio-Rad MyiQ instrument (Bio-Rad, Hercules, CA). Each reaction mix contained 1 μl of ligated cDNA, 0.25 μM of each CS1 and CS4 (TGGCGTGCTAGTCGTCTGCC) oligonucleotides (for Pol III-specific B1 amplification) or B1-F (CCTTTAATCC CAGCACTCGG) and B1-R (CTCTGTAGCCCTGGTGTCC) oligonucleotides (for amplification of total Pol II plus Pol III transcripts of transposon B1, Tao et al. 2001 ) and 10μl of iQ SYBR Green Supermix (Bio-Rad), in total volume of 20 μl. The protocol for amplification was as follows: 6 min at 95°C, then 33 cycles of (20 s at 95°C, 30 s at 67.7°C for B1 or 58.9°C for β-actin), 35 s at 72°C) transcription of B1 repeat, a mouse homologue of human Alu (Maraia et al 1993; Rubin et al 2002) . We showed that transposon B1 Pol III-dependent transcription responds to UVB irradiation in a biphasic manner.
Results
In this section, we describe a PCR-based method for the detection and quantification of Pol III-specific SINE transcripts. This protocol takes advantage of the fact that the 5′ ends of Pol III transcripts of a given transposon contain specific 5′ sequences that differ from sequences at the ends of the various Pol II transcripts that also contain this transposon. First, synthesis of cDNA is primed by an oligonucleotide complimentary to the transposon sequence located downstream of the transcription start. The resulting cDNA is ligated with a sticky-end adaptor complementary to the 5′ end of the Pol III-transcribed SINE RNA. This step is aimed at the exclusion of the transcripts produced by Pol Fig. 2 Quantification of Pol III-generated transcripts of B1 transposon in mouse cells. a Restriction analysis. The mouse RNA sample was processed (as described below) with negative and positive controls and analyzed by agarose. "No ligase control" reactions produced no PCR product for primers specific to the adaptor (CS1 and CS4) and the product of expected size with primers to the inner part of the transposon B1. The restriction reactions produced the products of the expected sizes. Primary mouse keratinocyte cultures were prepared as described elsewhere (Dlugosz et al 1995) . In all experiments, the animals were housed in the Institute of Developmental Genetics of the Russian Academy of Sciences. All animal procedures were approved by the Institutional Animal Care Committee. Keratinocytes (5×10 6 per sample) were lysed with 4 ml of Trizol (Invitrogen) and RNA was isolated and treated by DNase according to the manufacturer's protocol, dissolved in 40 μl of water and quantified using a spectrophotometer. After adaptor-PCR (see Fig.1 ) products of reaction were purified using QiaQuick kit (Qiagen) and dissolved in water. Endonuclease treatments were performed as follows. First, 100 ng of purified PCR product was mixed with 1 μl of buffer and 5 U of enzyme. Buffer NEB1 was used for Hpa II, NEB 4 was used for Acc I. Buffers and enzymes were obtained from New England Biolabs. Reaction mixes were incubated at 37°C for 1 h then separated using 3.5% MetaPhor agarose (Cambrex). b Calibration curve for measurement of Pol III transcript of transposon B1 by real-time PCR. c Concentration changes of Pol III transcript of transposon B1 in response to UV. The confluent 4 day-old primary mouse keratinocytes were irradiated through overlayed 1× PBS for 120 s by four UVB (290-320 nm) tube lamps positioned 15 cm above the dishes to deliver an energy density of 250 J/m 2 . The medium was returned to the dishes within a minute after the irradiation. Non-irradiated control cells were processed in parallel and subjected to the same medium removal stress. The cells were dissolved in Trizol 0, 10, 20, 30, 40 and 60 min after the irradiation (X-axis). Y-axis shows the level of Pol III transcripts of B1 (amplified by adaptor-PCR) normalized to the total (Pol II and Pol III) level of B1 transcripts (amplified from total cDNA with B1-specific primers) II, as their ending sequences are different. The product of the ligation serves as a template for a conventional PCR reaction with a pair of primers annealing to the adaptor and the transposon RNA itself. Only Pol III transcripts will be amplified at this step. Among the advantages of the adaptor-PCR method are its sensitivity, its convenience for the quantification by real-time PCR, and elimination of radioactive or other types of the labeling and polyacrylamide gel electrophoresis steps.
Principle of the adaptor-PCR method
The goal of this method is to selectively amplify only the Pol III-generated transcripts of a specific transposable element (Fig. 1) . Selection is achieved, first, by priming the reverse transcription with an oligonucleotide specific to a particular transposon and, second, by the ligation of a sticky-end adaptor to the sequence that occurs only at the start of the Pol III transcript of this transposon. The adaptor is constructed from two complementary oligonucleotides-CS2 and CS3 (Fig. 1) . To prevent extension of the CS2 annealed to other sequences in the genome during the following PCR step, the 3′ end of the CS2 oligonucleotide is blocked by C7 amine during synthesis. All the Pol II transcripts harboring the transposon do not ligate to the adaptor as these transcripts start upstream of the transposon. The T4 DNA ligase used in this step ligates only the cDNA sequences properly annealed to the overhanging end of the adaptor and having the proper 3′ end nucleotide next to the phosphorylated 5′ end of the oligonucleotide CS3 of the adaptor. During the following PCR step, the oligonucleotides CS1 and CS4 are used to amplify only Pol III transcripts of the transposon as they are ligated to the adaptor. Pol II transcripts do not amplify because they are not ligated to the adaptor and therefore do not contain a matching sequence for the PCR primer CS1.
The adaptor-PCR method has been applied to the quantification of Pol III transcripts of the retrotransposon B1, a homolog of human Alu repeat in rodent cells. The adaptor-PCR produced a single fragment of the expected size (Fig. 2a) . The identity of the fragment was verified by restriction digests (Fig. 2a) . Genomic DNA contamination has been excluded as the control reaction omitting the reverse transcriptase produced no band (Fig. 2a) . The absence of the product in the control reaction omitting T4 DNA ligase demonstrated that amplification does not pick up non-specific templates (including Pol II transcripts) being fully dependent on ligation of the adaptor (Fig. 2a) . To our knowledge, this is the first report of a method that would allow specific amplification of Pol III-generated transcripts of a particular transposon. Previously, PCR has been used for identification of new SINE families Kramerov 1999, 2005) , but not for detection of Pol III transcripts.
One advantage of this adaptor-PCR method is its compatibility with real-time PCR allowing direct quantification of Pol III-specific transcripts. Another benefit is the absence of the Pol II-generated background signal that normally complicates the analysis of the primer extension gels.
Experimental applications of the adaptor-PCR method
To test this method, we chose a model of the rodent cell response to UV stress and studied Pol III-dependent transcription of transposon B1, a rodent homolog of human Alu repeat.
In the first experiment, we demonstrated that Pol IIIdependent transcription of transposon B1 is affected by UVB irradiation, a strong genotoxic cellular stress. Primary mouse keratinocyte cultures were irradiated with a dose of UVB light known to produce sunburn-like effects. Pol III transcripts of transposon B1 were quantified by real-time adaptor PCR. The calibration curves were linear in the analyzed range of concentrations (Fig. 2b) . The total RNA (Pol II and III combined) was quantified in the same cDNA samples using primers specific to the inner part of the transposon B1 (Primers B1-F and B1R). The ratios of the Pol III transcript of B1 to the Pol II and III combined B1 transcription at different time points after the UVB irradiation are plotted on Fig. 2c . It was observed that UVB irradiation leads to biphasic response of transposon B1 Pol III transcription. First, in a time frame of 20 to 40 min after the irradiation, the level of Pol III transcripts of B1 decreases Fig. 3 Detection of Pol III-transcribed transposon B1 in nuclei and cytoplasm of rat liver tissue by adaptor-PCR. Rat liver tissue was obtained from fasting male Wistar rats. Nuclear and cytoplasmic RNA fractions from rat liver tissue were isolated and purified as described previously (Konstantinova et al. 1988) . RNA samples were analyzed using a 2.75% SDS-PA gel. a Equal amount of total RNA from nuclei and cytoplasm was used for cDNA synthesis, 2.75% SDS-PA gel. b cDNA was amplified in duplicates using adaptor-PCR (see Fig.1 ) and separated on agarose gel. The concentration of Pol III-transcribed transposon B1 was found to be higher in nuclei than in cytoplasm to 1/5 of the baseline (p<0.05 by two-tail t test). Second, 1 h after the irradiation, concentration of these transcripts increases 4.5-fold above the baseline (p<0.05).
In another experiment, we applied this method to the study of subcelullar localization of Pol III transcripts of transposon B1 in rat livers. To compare the nuclear and the cytoplasmic fractions of the Pol III-depended B1-specific transcripts, equal amounts of subcellular RNA fractions prepared from rat hepatocytes (Fig. 3a) were amplified by adaptor-PCR in duplicates as described in Methods. The resulting PCR products were separated on 2% agarose gel and were found to have the expected size 147 bp (Fig. 3b) . It could be seen that Pol III-generated B1 transcripts were present not only in the cytoplasm but also in the nuclei (Fig. 3b ).
Discussion
Here we described a novel PCR-based method that allows specific amplification of Pol III-transcript of a given transposon in the presence of its Pol II transcripts. This method should facilitate the research of transcriptional regulation of different Pol III-dependent repetitive elements, particularly in the context of cellular stress, viral infection and malignant transformation.
There are a number of possible modifications of this method that provide good potential for cell stress response studies. For example, after a relocation of CS1 primer downstream of the repetitive sequence, this approach could be used for quantification of Pol III-dependent transcription from a given transposon that resides in a specific genomic location.
Another potential modification of the described method, a substitution of the primer CS1 with a random primer tailed with previously described non-random sequence (Bohlander et al 1992) , could generate a pool of 3′ end signatures of Pol III-dependent transcripts allowing their mapping back to the genome. In this manner, one can generate molecular probes that would help to identify Pol III-dependent genomic loci overexpressed in response to stress.
We tested the Adaptor-PCR method described above in a model of the rodent cell response to ultraviolet stress. UV irradiation is one of the classical cellular stressors causing DNA photodamage ultimately leading to skin cancer (de Gruijl 2002) . Various cellular responses to UV stress have been extensively characterized (Meunier et al 2002) . Nevertheless, to our knowledge, the Pol III-dependent activation of SINEs by UV has not been described previously. According to our observations, Pol III transcription of the mouse B1 is strongly affected by UV in a biphasic way. Two previous studies of the stress-related transcriptional response of SINEs showed that the transcription of Alu element increases 20-60 min after heat shock (Allen et al 2004) . In our experiments with UV irradiation, we observed reversible short term suppression of the Pol III-dependent transcription that was followed by its rebound and further increase. It is currently unclear whether the biphasic nature of the transcriptional response to UBV stress relates to the nature of the stress (UV vs heat shock) or to the greater specificity of the method applied in the current study. The described phenomenon deserves further investigation as it may suggest a functional role of Pol III in the UV response as it has been previously shown for viral infection (Russanova et al 1995; Wick et al 2003) .
In addition to that, we demonstrated an enrichment of the Pol III-dependent transcripts in the nucleus. It has been demonstrated earlier that the fraction of Pol II read-through transcripts that contain transposon sequences is also enriched in the nuclei (Kramerov et al 1982) . Possible roles of Pol III-generated transcripts in the nucleus deserve further study and the described method opens new ways for addressing this problem.
In conclusion, we developed an adaptor-PCR-based method for detection of Pol III transcripts that should facilitate the research of transposable elements, particularly in the context of cellular stress.
